In the earlier study, a dynamic model for the BOF process based on the multizone reaction kinetics has been developed. In the preceding part, the mechanism of manganese transfer in three reactive zones of the converter has been analyzed. The study predicts that temperature at the slag-metal reaction interface plays a major role in the Mn reaction kinetics. Further, mathematical treatments to simulate the transient rate parameters associated with each reaction interface have been developed. The model calculations of Mn removal rate obtained from different zones of the converter predicts that the first stage of the blow is dominated by the oxidation of Mn at the jet impact zone, albeit some additional Mn refining has been observed as a result of the oxidation of metal droplets in emulsion phase. The simulation result shows that the reversion of Mn from slag to metal primarily takes place at the metal droplet in the emulsion due to an increase in slag-metal interface temperature during the middle stage of blowing. In the final stage of the blow, the competition between simultaneous reactions in jet impact and emulsion zone controls the direction of mass flow of manganese. Further, the model prediction shows that the Mn refining in the emulsion is a strong function of droplet diameter and the residence time. Smaller sized droplets approach equilibrium quickly and thus contribute to a significant Mn conversion between slag and metal compared to the larger sized ones. The overall model prediction for Mn in the hot metal has been found to be in good agreement with two data sets obtained from different size converters reported in the literature.
In the earlier study, a dynamic model for the BOF process based on the multizone reaction kinetics has been developed. In the preceding part, the mechanism of manganese transfer in three reactive zones of the converter has been analyzed. The study predicts that temperature at the slag-metal reaction interface plays a major role in the Mn reaction kinetics. Further, mathematical treatments to simulate the transient rate parameters associated with each reaction interface have been developed. The model calculations of Mn removal rate obtained from different zones of the converter predicts that the first stage of the blow is dominated by the oxidation of Mn at the jet impact zone, albeit some additional Mn refining has been observed as a result of the oxidation of metal droplets in emulsion phase. The simulation result shows that the reversion of Mn from slag to metal primarily takes place at the metal droplet in the emulsion due to an increase in slag-metal interface temperature during the middle stage of blowing. In the final stage of the blow, the competition between simultaneous reactions in jet impact and emulsion zone controls the direction of mass flow of manganese. Further, the model prediction shows that the Mn refining in the emulsion is a strong function of droplet diameter and the residence time. Smaller sized droplets approach equilibrium quickly and thus contribute to a significant Mn conversion between slag and metal compared to the larger sized ones. The overall model prediction for Mn in the hot metal has been found to be in good agreement with two data sets obtained from different size converters reported in the literature. MANGANESE serves as an important alloying element in almost all commercial grades of steel. The presence of Mn can influence several critical properties of steel. High Mn can improve mechanical properties of steel, such as hardenability, toughness, and strength. [1] On the other hand, low Mn is required for ULC (ultra-low carbon) steels that require deep drawing applications. In many steel plants, manganese ore has been added to achieve high Mn at the end blow. This technique improves the process economics by reducing the addition of ferromanganese (FeMn) in the subsequent secondary steelmaking process. [1] On the other hand, some steel plants face the problem of high Mn (> 1 wt pct) hot metal due to the use of lean iron ore having a high percentage of MnO in the blast furnace. [2] Processing of high Mn in BOF (basic oxygen furnace) is challenging as it causes problems such as slopping, refractory lining consumption, and yield losses. The manganese in such converters is refined by either overblowing oxygen or deslagging at the intermediate blow period. Therefore, it is very important to understand the manganese refining behavior under blowing conditions in order to precisely control and improve the yield of Mn in a BOF process.
Several theoretical and experimental studies on the thermodynamics of manganese equilibrium between the metal and slag have been reported in the literature. [1, [3] [4] [5] [6] [7] As a result, numerous semi-empirical correlations describing the partitioning ratio of Mn (L Mn ) between the metal and slag containing manganese oxide are available in the literature. [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] Owing to the difficulty in measuring the Mn distribution ratio between the carbon saturated Fe and FeO bearing slag (due to CO gas bubbling), researchers often applied indirect experimental techniques to obtain the equilibrium data. Suito et al., [3] [4] [5] Kim et al., [8] Jung [10] and Morales et al. [1] developed equilibrium distribution models based on experimentally obtained data between liquid iron (Fe-Mn alloy) and slag. Another group of researchers used the equilibrium data between liquid Cu or Ag with slag to establish Mn distribution model for carbon saturated iron melts. [7, 9] The above studies agree that the equilibrium Mn distribution between slag and metal increases with increase in total iron (T. Fe) in slag and decreases with increase in basicity (pct CaO/ pct SiO 2 ). [3] [4] [5] [6] [7] [8] [9] [10] [11] Due to exothermic nature of Mn oxidation reaction, the negative effect of temperature on demanganization has been reported. [3] [4] [5] [6] 11] It was further suggested that the Mn oxidation in a BOF operation is controlled by the oxygen potential determined by Fe/ Fe t O equilibrium. [1, 5] However, the above mentioned equilibrium distribution correlations are limited to specific slag systems and no universal model has been established.
Meanwhile, due to increasing demand for improving high manganese yield, the reduction mechanism of MnO by dissolved carbon in liquid iron has been investigated by several researchers. [12] [13] [14] [15] [16] According to proposed mechanism, MnO in the slag is reduced by Fe at slag/ metal interface producing Mn and FeO. The iron oxide is further reduced by CO at slag/gas bubble interface to form CO 2 which subsequently reacts with the dissolved carbon at gas bubble/metal interface to regenerate CO. [13, 14] Xu et al. [14] reported that the rate of MnO reduction in carbon saturated iron melt is limited by interfacial reaction (MnO +Fe = Mn +FeO) and proposed a second order kinetic equation to describe the reaction rate.
Shibata et al. [15] developed a kinetic model describing the simultaneous reaction between slag and multicomponent iron alloy using two-film theory and reported that the reduction of MnO is controlled by the transport process in slag phase. The study was focused on the evaluation of rate parameters such as slag-metal interfacial concentration and discussed the possible rate controlling steps for the reduction of MnO with the aid of the kinetic model. Similarly, Marissa et al. [16] applied the coupled reaction model to analyze the reduction rate of MnO in slag in terms of the slag basicity, initial Si and C in the liquid iron. The rate of MnO reduction was reported to increase with increasing the initial C concentration. The above mentioned works were limited to laboratory scale experimental studies and did not include the kinetics of Mn oxidation under oxygen blowing. Further, no validation of this kinetic model was attempted with the industrial scale furnaces.
A few researchers attempted to establish a kinetic model for Mn refining in industrial scale furnaces (BOF and EAF) by considering both the oxidation and reduction kinetics. [6, 17] Takaoka et al. [17] analyzed the equilibrium driving force for the reactions and concluded that the competition between oxidation of Mn by gaseous oxygen and reduction of MnO by C decides the kinetics of Mn refining in combined blowing converter. The authors were able to establish a semi-empirical kinetic model that incorporates reduction and oxidation reaction. However, the role of slag FeO on manganese transfer was completely ignored in this study and the kinetic parameters were derived from fitting the plant data, which limits the application of the model for different converters.
The kinetic model for Mn refining reaction presented in this study is based on a multizone kinetic model proposed by the authors in the previous publication.
[ 18] The details of the development of the dynamic model which includes the reaction kinetics of C, Si, Mn, and P coupled with flux dissolution and FeO generation model has been already discussed in the paper. In the model presented in the current study, the three reactive zones of the converter: jet impact zone, slag-bulk metal zone, and slag-metal emulsion zone have been considered for the refining of manganese. The simultaneous occurrence of oxidation and reduction reaction kinetics has been analyzed in each zone. The rate of Mn refining in the emulsion zone has been simulated using the previously developed mathematical model for residence time, [19] droplet generation, [20] and decarburization model. [21] Using the rate model, the relative contribution of different zones on refining of Mn was quantified, and the effect of dynamic process parameters on manganese-refining kinetics has been evaluated. The overall rate model for Mn prediction has been validated by means of two sets of industrial data obtained from 200-t and a 55-t top blowing converters.
II. MANGANESE REACTION KINETICS IN BOF
The behavior of manganese refining profile commonly observed in basic oxygen furnace (BOF) shows rapid oxidation at the beginning followed by back reduction of Mn from slag to metal during the middle stage and finally some further oxidation at the end stage of the blow. [22] [23] [24] Several researchers reported that the transfer of Mn between hot metal and slag is controlled by the oxygen potential, determined by Fe/Fe t O equilibrium according to the following reaction [1, 3, 9, 13, 14] :
Under the condition of mass transport control, it is assumed that the chemical reactions are fast and achieve equilibrium all the time at the slag-metal interface. Kawai et al. [25] and Shinozaki et al. [26] reported that the resistance to the mass transport of Mn in metal and slag phases are of similar order; suggesting that a mixed controlled mass transport can be suitable to describe the Mn refining kinetics at liquid iron and slag interface. Figure 1 shows a schematic of the mechanism of mixed transport controlled Mn transfer across the metal-slag interface (e.g., metal droplet-slag or bulk metal-slag).
Accordingly, the rate equation for the mass transfer of manganese across the slag-metal interface can be written as:
where
where k o is the overall mass transfer coefficient, k denotes the mass transfer coefficient, A is the area of the slag-metal interface, q is the density, L Mn is the equilibrium distribution ratio, and the subscripts m and s denote metal and slag phases, respectively. As can be seen from Eq. [4] , the thermodynamic driving force for the reaction, pct Mn ½ À ðpct MnÞ L Mn is the only parameter that determines the direction manganese transfer, i.e., whether Mn oxidizes to slag or MnO reduces back to metal phase is primarily determined by the equilibrium distribution ratio, manganese oxide concentration in slag and Mn content in the hot metal.
Owing to the importance of evaluating manganese distribution between the metal and slag during steelmaking operations, several empirical correlations for the equilibrium partitioning ratio (L Mn ) and apparent equilibrium constant, k' Mn = pct MnO /(pct FeO9[pct Mn]) as a function of slag composition and temperature have been developed by many researchers. Morales and Fruehan [1] indicated that k' Mn has greater practical use than L Mn since the expression incorporates the wt pct of FeO and thus can be used to evaluate the distribution of manganese at various oxygen potentials. For a known slag composition and temperature, [wt pct Mn] i can be evaluated from the empirical correlation of either L Mn or k' Mn and may be compared with the bath Mn concentration to estimate the reaction direction.
In order to examine the nature of Mn reaction, the authors compared the interfacial Mn concentration, wt pct Mn ½ i calculated by the empirical correlations of L Mn with the actual [wt pct Mn] in the steel of a 200 t top blowing converter reported by Cicutti et al. [24] Suito's No. 2 [4] (see Appendix A.1) and No. 3 [3] model (Eq. [19] ) have been applied to estimate L Mn . Figure 2 shows the comparison of [pct Mn] i obtained from Suito's correlations with the bulk Mn concentration ([pct Mn] act ) during different stages of oxygen blowing. The analysis shows that, the interfacial Mn concentration is always lower than the measured Mn in the hot metal, indicating that the reaction at slag-metal interface has a positive thermodynamic driving force for forward direction and the flow of Mn takes place from bulk metal to slag throughout the blowing period. However, in the real process, the hot metal Mn profile shows the back reduction of manganese into the hot metal during the middle stage (4 to 12 minutes) of the blow as observed by Cicutti et al. [24] Similar observation of Mn reaction and its deviation from equilibrium value has been reported by several authors. [17, 27] In the present study, the parameters responsible for this deviation have been subjected to investigation and discussed in the following sections.
A. Temperature at the Reaction Interface
The oxidation of manganese in the hot metal is an exothermic reaction and therefore L Mn is expected to decrease with increase in temperature. Zhu et al. [9] and Jung et al. [10] reported that the equilibrium distribution ratio of Mn decreases linearly with increase in metal bath temperature. The laboratory experiments studied for evaluation of L Mn are often performed in a crucible without oxygen blowing. Thus, the extraction and the extractive phases in the crucible experiments can be assumed to be in permanent contact with each other. Thermal gradient between the slag/metal interface and the bulk metal temperature can be thought to be negligible in those experiments. However, in a real BOF process, marked thermal gradient exists in the bath, the difference between the temperature of the top surface and bottom of the vessel can vary from 200 to 400°C depending on the blowing type (soft or hard blowing). [28] A significant variation of temperature at the reaction interface (slag/metal) can make a potential change in the equilibrium concentration. Also, in a real BOF process, the reactions can take place in several reactive interfaces with different thermal conditions and phases. The slag/metal equilibrium alone may not accurately represent the overall thermodynamic driving conditions for the refining reactions in a BOF.
B. Competition Between the Reactions Involving Mn
In addition to reaction 1 (Eq. [1] ), the mass transfer of manganese between metal and slag can proceed through the following reactions
It is entirely possible that the oxidation and reduction reaction of Mn takes place simultaneously in different zones and the balance between those rates decides the direction of overall manganese flow in the converter. A multiple zone reaction kinetics analysis may be appropriate to represent the overall process of Mn conversion between the metal and the slag.
C. Manganese Reaction Due to Transitory Phase Contact in the Slag-Metal Emulsion
The reactions occurring in the slag-metal emulsion are thought to take place at several interfaces with dynamic change in thermodynamic equilibrium and mass transfer conditions. [23, 29, 30] As the droplets eject from the melt, a large number of distinct interfaces are created, and the refining reaction in the emulsion proceeds via the reaction between the droplet and slag. It is observed that the kinetics of the refining reactions are a strong function of interfacial area, residence time, physicochemical condition of slag and droplet generation rate. Unlike the reactions occurring at a permanent phase boundary, only the equilibrium interfacial concentration cannot determine the direction of the mass conversion process between the hot metal and emulsion. The rate difference between the mass concentration of ejected and the refined droplets over the entire population of recirculated droplets would likely to determine the direction of mass transfer of Mn between hot metal and slag.
The discussion mentioned above indicates that in a multizone reactor like BOF, caution must be taken in determining the transient rate parameters associated with Mn refining kinetics. In the present study, the mathematical treatments to the multizone reaction kinetics have been developed to simulate the time-variant rate parameters and overall Mn refining in the hot metal. Three reaction interfaces, i.e., (1) jet impact where the oxygen gas directly reacts with the hot metal bath, (2) slag/ bulk metal interface where Mn in the hot metal reacts with the slag lying on the top, and (3) in emulsion where the Mn reaction takes place due to transitory phase contact of the metal droplet with the slag, were considered for the formulation of the mathematical model. The effect of temperature on manganese equilibrium at each reaction interface was evaluated in the present study.
III. KINETIC MODELING OF MANGANESE REACTION
The primary regions for Mn reaction in BOF have been illustrated in Figure 3 . As can be seen from the figure, jet impact, slag-bulk metal and emulsion zones were considered to be the major zones for manganese refining.
The reactive zones of Mn refining in a top blowing steelmaking process are:
The direct oxidation of Mn in the hot metal by O 2 jet at the gas-metal interface can be given by the reaction described in Eq. [6] (Region 1 in Figure 3 ).
Slag-bulk metal zone
In this reaction zone, a permanent phase contact between the slag and the metal can be assumed (Region 2 in Figure 3 ). Mn in the bulk metal reacts with FeO in the slag according to Eq. [1] . This reaction can proceed either in the forward direction or backward direction depending on equilibrium value of Mn at the interface set by the temperature and slag compositions. A certain amount of MnO in the slag is expected to reduce by dissolved C in the melt at slag-metal interface according to reaction described in Eq. [7] .
As mentioned by several researchers, it is reasonable to assume that the Mn equilibrium at the slag/ metal is governed by Fe/Fe t O oxygen potential and the possibility of reduction of MnO by C has been ignored in the present kinetic model. [1, 5] 
Slag-metal emulsion zone
In the emulsion zone, the ejected metal droplets are brought in contact with the slag (Region 3 in Figure 3 ) and the reactions presented in Eq. [1] can be applied to evaluate the Mn reaction rate. The kinetic parameters of the total number, size evolution of metal droplets and time of residence in the emulsion are important parameters to be considered in order to determine the overall Mn refining by emulsion zone.
IV. MATHEMATICAL MODELING OF OVERALL MN REFINING RATE
The overall mass balance has been performed over the reacting zones to estimate the total Mn refining during the blowing process. The mathematical expression for the overall manganese refining rate can be written as:
Here,
are the rate of Mn removed from the emulsion, jet impact and slagbulk metal zones respectively (kg/s) .
is the total rate of Mn refining at each time of blowing (kg/s).
The concentration of manganese in the bulk metal was calculated by the following mass balance equation:
where Dt is the numerical time step, W b t is the weight of the hot metal (kg) at time t, W tþDt b is the weight of the hot metal at the next time step (t þ DtÞ, [wt pct Mn] m is the weight percentage of Mn in the bulk metal, dW Mn / dt is the rate of Mn refining (kg/s), and the subscripts em, iz, sm, and sc represent emulsion, jet impact, slagmetal bulk interface, and scrap, respectively.
The change in mass of the bulk metal has been estimated using the calculated mass of melted scrap, droplet generation and return to bath, slag and gas formation during time Dt. The mathematical expression can be written as:
is the weight of the bulk metal at time t + Dt, W t b is the weight of the bulk metal at time step t, DW sl;t m is the weight of the elements in hot metal converts into slag (at slag-bulk metal interface) and W m;t sc is the weight of the melted scrap during time step Dt. droplets
are the rate of refining of hot metal impurities (i = C, Si, Mn and P) through emulsion and jet impact zone respectively.
A. Modeling of Mn Reaction Kinetics at Jet Impact Area
The rate of Mn oxidation at jet impact area can be expressed as a first order rate law assuming the reaction to be controlled by mass transfer in the hot metal. It is due to the rapid dissolution of oxygen in the hot metal as a result of high temperature exhibiting at jet impact area. Also, the mass transfer coefficient in the gas phase is higher of a few orders of magnitude than in metal phase, and a fast chemical reaction can always be expected at high temperatures. The Mn oxidation in this zone is assumed to be proceeded by the reaction between dissolved oxygen and the dissolved Mn in the hot metal. The liquid phase mass transfer controlled Mn refining rate equation in jet impact area can be written as:
Here k m is the mass transfer coefficient in hot metal, A iz is the area of the jet impact and q m is density of steel. The value of wt pct Mn ½ eq iz was estimated from the following chemical reactions:
The overall equilibrium constant for the Mn oxidation reaction according to Eq. [6] is given by:
Oxygen partial pressure, P O2 is assumed to be 1 atm (1.013 9 10 5 Pa) and activity of MnO, a MnO has been calculated by regular solution model introduced by Ban-Ya. [31] In a real BOF process the value of P O2 will be much lower than the atmospheric pressure as the jet entrains a large amount of CO and CO 2 . The assumption is initially undertaken to qualitatively analyze the behavior of equilibrium driving force of Mn reaction at gas/metal interface. The measured thermal profile of hot spot (jet impact area) reported by Chiba et al. [32] has been used to simulate the temperature in the jet impact area. It was assumed that temperature in the jet impact linearly increases from 2273 K to 2573 K during the first 25 pct of the blow. During the main blow period (25 to 80 pct of blow), it remains constant with a value of 2573 K. Finally after 80 pct of oxygen blowing, the temperature was assumed to decrease linearly and equals the hot metal temperature at the end of refining. The calculated value of wt pct Mn ½ eq iz was found to be in the order of 10 À4 to 10 À5 for a 200 t converter (Cicutti et al. [24] ). In a BOF process the Mn content in the hot metal usually varies from 0.3 to 0.6 wt pct, and the estimated equilibrium value was found to be 1000 to 10,000 times lower than the actual manganese concentration. This ratio will further increase in an actual BOF process due to entrainment of CO 2 and CO gas (P O2 < 1 atm) and our assumption of P O2 equals to the normal atmospheric pressure may not have large influence on the rate calculation. This low value of equilibrium concentration shows that the Mn oxidation reaction in jet impact area has a strong positive thermodynamic driving force for Mn refining from bulk metal.
Mass transfer in the metal phase has been assumed to be the rate controlling step for the Mn oxidation kinetics in the jet impact area. It is due to the rapid dissolution of O in the hot metal under extremely high temperature generated in the hot spot region. The mass transfer coefficient in the metal phase was assumed to be a function of the amount of stirring in the bath. Ishikawa [33] investigated the reaction kinetics in a top blowing test converter and reported that the kinetics of Si and Mn are a strong function of agitation in the bath and proposed a correlation for k m as a function of stirring energy, bath diameter and temperature. In the present study, the relationship proposed by Kitamura et al. [34] has been used to determine the mass transfer coefficient of Mnand its deviation from equilibrium value in the melt phase.
where k m is the mass transfer coefficient in metal phase (cm/s), e is the stirring energy (W/t), H and L are the bath depth (cm) and diameter of the furnace, respectively, and T iz is the temperature in the impact zone (K).The total stirring energy was calculated (see Appendix A.2. for details) from the combined effect of the top and bottom gas injections in the BOF. [35] One important parameter which controls the rate of Mn oxidation is the evolution of interfacial area available for gas-metal reaction at jet impact region. The gas-metal interfacial area was assumed to be the surface area of the cavity generated due to the impinging gas jet on the liquid metal. The calculation of jet cavity area as a function of blow parameters has already been discussed in the first part of the study. [18] For multihead nozzles, the cavity coalescence was ignored, and the overall cavity area was calculated by just adding the individual cavity formed by each nozzle.
B. Modeling of Mn Reaction Kinetics at Slag-Metal Interface
The rate of Mn transfer across the slag-bulk metal interface as a result of the reaction between [Mn] in the bulk metal and (FeO) in the slag is assumed to be controlled by the transport of both [Mn] in metal and (MnO) in the slag. Several past studies reported that the resistance to mass transport of Mn in hot metal and slag are roughly at the same order of magnitude. [25, 26] In the present study, therefore, both resistance have been taken into account in the rate model of Mn at the slag-metal interface.
where A sm is the surface area at slag-bulk metal interface, and k sm o is the overall mass transfer coefficient. The overall mass transfer coefficient was evaluated by applying Eq. [5] . k m was calculated from Eq. [15] . The slag phase mass transfer coefficient is given by [36] k s ¼ a exp À 37; 000
where k s is the mass transfer coefficient in slag phase (cm/s), R is the gas constant (J.mol À1 K À1 ), e is the stirring energy (W/t), T s is the temperature of slag, and a and b are the empirical parameters, assumed to be 1.7 and 0.25, respectively. [36] Industrial measurement shows that the slag is about 20 to 100 K hotter than the hot metal. [37] For simplicity, a uniform slag temperature which is 100 K higher than the hot metal temperature has been assumed in the rate calculation at slag-bulk metal interface.
The manganese partitioning ratio at the interface between the slag and the metal can be defined as the ratio between the wt pct of Mn in slag to wt pct of Mn in the hot metal as:
The subscript i in Eq. [18] denotes the concentration at the slag-metal interface. Since the chemical reaction is fast at high temperature, the reaction species were assumed to attain equilibrium all the time at the interface. The interfacial concentrations described in Eq. [18] can be replaced by the equilibrium concentration for the calculation of L Mn . Some studies have been performed in the past to investigate the thermodynamics of Mn equilibrium and several correlations for Mn partition ratio has been reported in the literature. [3] [4] [5] In the present study, Suito's model [3] has been chosen for the calculation of manganese equilibrium concentration. The empirical correlation of k 0 Mn proposed by Suito has been developed between liquid iron and CaO-SiO 2 -Fe t O slag with MnO concentration varying up to 16 wt pct. Since in Cicutti's slag data, the concentration of MnO in slag is in the similar range, the above correlation was applied to evaluate the interfacial Mn concentration between slag and hot metal. The following empirical relationship was suggested by Suito et al. [3] (Suito's No 3 model) to determine the apparent equilibrium constant and [wt pct Mn] eq at the interface between slag and bulk metal. The interfacial area between slag and bulk metal (A sm ) was calculated by subtracting the cavity area resulting from the top jet from the geometrical area of the bath surface. For noncoalescence cavity, the area of slag metal can be expressed by the following equation:
Here D b is the diameter of the bath surface (m), n n is the number of nozzles in the lance tip and r cav (m) is the radius of a single jet cavity. The cavity geometry was calculated by using the dimensionless relationships suggested by Koria and Lange. [38] In the above calculation, for simplicity, the surface area of the slag-bulk metal interface was assumed to be flat and the bath oscillation was neglected.
C. Modeling of Mn Reaction Kinetics in Slag-Metal Emulsion

Microkinetics: evaluation of Mn concentration evolution in a droplet in emulsion
Similar to slag-bulk metal zone, the reaction of Mn at metal droplet and slag interface was considered to be controlled by the transport of Mn inside the metal drop and MnO in the slag. [39] Thus, a mixed controlled kinetic equation has been applied for evaluating the rate of reaction of metal droplets in the slag-metal emulsion. Figure 4 illustrates the schematic of exchange of Mn between metal-drop and slag inside the emulsion phase. The rate of Mn removal by a single droplet can be expressed as:
½22
A drop and V drop are the area and volume associated with the single droplet in the emulsion and L Mn is the equilibrium partition ratio of Mn between slag and metal droplet. Similar to the slag-bulk metal interface, L Mn was calculated by applying Eq. [18] at slag-metal droplet phase boundary. Instantaneous surface area of the droplet due to bloating behavior resulted by decarburization reaction has been estimated from the empirical correlation of density change of droplet as a function of decarburization rate and FeO wt pct in slag proposed by Brooks et al. [19] The overall mass transfer coefficient, k em o was calculated by applying mixed controlled kinetics as mentioned in Eq. [5] . It should be noted that the reaction at slag-metal droplet interface undergoes a transitory phase contact during the emulsion where as a permanent phase contact can be assumed between metal and bulk slag. The mass transfer coefficient of Mn transport in the metal for a translating droplet was determined by employing surface renewal model as [18] k ; is the diffusivity of species at T =1873K (m 2 /s), T is the temperature (K), and l m;1873 and l m;T are the viscosity of hot metal at 1873 K and T, respectively. In the present study, the effect of temperature on viscosity has been neglected.
On the slag side, the mass transfer coefficient can be calculated assuming the metal droplet to be a rigid sphere with a stream of slag surrounding it. Due to high Schmidt number prevailing in steelmaking slag (in the range of 10 5 and 10 6 in slag compared to~10 3 in steel melt), the boundary layer is considered to be laminar and the effect of turbulence on mass transfer coefficient can be neglected. [39] The mass transfer coefficient in slag phase was determined by the following relationship [39] :
where Sh is the Sherwood number, Re is the Reynolds number, and Sc is the Schmidt number. The diffusion of MnO in slag D slag was taken to be 5 9 10 À10 m 2 /s. [39] As different sizes of metal droplets are ejected from the melt, the size distribution and time of residence are important parameters to estimate the kinetics of refining of Mn. The authors in their previous publications [18, 20] have developed mathematical models to predict the amount of ejected droplets, size distribution and residence time as a function of the furnace operating parameters, hot metal and slag compositions. The size distribution of the entire population of ejected droplets was divided into different groups by using Rosin-Rammler-Sperling (RRS) distribution function. [40] The mathematical model for the residence time of the metal droplets was based on the principle of ballistic motion, proposed by Brooks et al. [19] The trajectory of a droplet in both vertical and horizontal direction was calculated by the force balance method with taking into account the dynamic change in density due to bloating caused by the nucleation of CO gas bubbles. The details of the development of residence time submodels can be found elsewhere. [18] The residence time model calculates the concentration change of Mn (also C, Si and P) in the droplet for a particular size class at each time of its trajectory inside emulsion. At each numerical time steps, the Mn concentration of each size group of the droplets at the time of their re-entry to the bath was evaluated.
2. Temperature at metal drop-slag interface As described in the previous study [18] the temperature at metal droplet-slag interface was estimated by assuming the ejected droplets to be rigid spheres and initially carry the temperature of the hot spot. The droplets gradually decrease the temperature as they pass through the emulsion phase which is expected to be a lower temperature than the hot spot. A homogeneous temperature in the emulsion, same as of the slag has been assumed in the calculation. The following equation has been applied to determine the droplet interface temperature [41] :
where k is the conductivity (W/mK), C p is the heat capacity (J/kg). The subscripts m, s correspond to hot metal and slag, respectively. T drop , and T 0 , T ¥ represent the temperatures at the droplet interface in the emulsion, temperature of the droplet at the time of ejection, and the emulsion temperature, respectively. Here T 0 = T iz and T ¥ = Ts, are assumed for the calculation of the temperature at the droplet interface. The details about the calculation of heat capacity in metal (C p;m ) and slag (C p;s ) phases can be found in an earlier publication. [18] 3. Macrokinetics: evaluation of overall Mn refining rate by emulsion phase
The overall Mn removal rate by emulsion at each time of blowing was calculated by the difference between the total mass of droplet ejected and returning droplets at a predefined numerical time step.
The total mass of manganese (kg) ejected into the emulsion was estimated from the previously developed droplet generation model. [20] 
100
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where P is the total number of divisions of the ejected droplet size spectrum, R B;T À Á t p is the rate of droplet generated (kg/s) for a given size class p at time t, and wt pct Mn ½ t m is the concentration (wt pct) of Mn in the hot metal. The value of total division in the size spectrum, P was taken to be 6 in the present model calculations.
Microkinetic model estimates the manganese concentration of an individual droplet at each time of its trajectory inside the emulsion phase. For each size group, the final Mn concentration at the time of their return to the bath and the total time of residence in the emulsion was calculated. The total number of returning droplets having the final manganese concentration at the time of their re-entry to the hot metal has been estimated, and the total weight of Mn entering into the bath was calculated. d;p are the concentration of Mn and the weight (kg) of a droplet, respectively, for a given size class at the time of its re-entry to the molten bath at a given blowing time, t.
V. MODEL ASSUMPTIONS AND INPUT DATA
The following are the list of assumptions, which has been made in developing the kinetic model for demanganization in a BOF process.
1. The mass transfer of manganese only takes place at three reactive zones, i.e., (1) jet impact area, (2) slag-bulk metal, and (3) slag-metal emulsion. 2. The manganese refining in the slag-metal emulsion and slag-metal bulk zone was assumed to be proceeded by Mn and FeO reaction.
The equilibrium manganese distribution ratio (L Mn )
between the metal droplet and slag was assumed to be the same as between bulk metal and slag. Suito's empirical correlation of L Mn was considered for the calculation of manganese equilibrium at metal droplet-slag interface in the emulsion phase. 4. A linear hot metal temperature profile which varies between 1623 K (1350°C) and 1923 K (1650°C) for Cicutti's heat data [24] and between 1603 K (1330°C) and 1973 K (1700°C) for Holappa's data [42] has been used in the model calculations. The authors acknowledge that a linear temperature profile is a simplified assumption and type of additions (flux, iron ore) can have a significant effect on the thermal profile of the melt and need to be taken into account in the future dynamic model. 5. As reported by Cicutti et al. [24] the initial droplet size spectrum was assumed to vary between 2.39 10 À4 to 3.359 10 À3 m. The entire size range of droplets has been divided into different sizes groups and an average weight of droplets corresponds to each group was estimated by applying Rosin-Rammler-Sperling (RRS) distribution function. [39] The details about the size distribution model of ejected droplets can be found in a previous study by Rout et al. [18] Six size groups of different droplet size ranges have been considered for the present model calculations.
The experimentally measured data from a 200 t combined blowing converter, [24] and a 55 t top blowing converter [42] was used for model validation. In both the furnaces, samples of metal and slag are collected during seven different times of blowing from the start of the blow. For the 55 t converter data reported by Holappa et al., [42] the precise information about the time and amount of flux addition during the converter operation was not found. Apart from the addition of lime and converter dust, fluorspar, bauxite, and calcium borate were reported to be used as fluxing agent in the converter operation. Due to unavailability of the precise information about the time of addition of these flux materials, a predictive slag model could not be possible for Holappa's data.
Thus in the kinetics analysis of manganese refining for Holappa's data, the measured slag data at different time intervals of blowing period have been used through an interpolation technique as input in each step of model calculations. However, for the model used for Cicutti's data, a dynamic slag generation model that includes the evolution of iron oxide in slag based on oxygen mass balance and flux dissolution model has been incorporated. The model details can be found in our earlier publication. [18] VI. COMPUTATIONAL STRATEGY The computational program uses finite difference method to compute the concentration of manganese in the hot metal in the next time step by using the known data in the previous time step. The simulation starts at blowing time of 2.2 minutes because only data is available at this time. All the initial inputs are entered into the model at this time. An optimum time step of 1 seconds is chosen for calculation of bath Mn concentration. For the 55 t converter, the slag composition at each time step of calculation was calculated by using interpolation between the measured data points. These slag composition data were dynamically entered into the model as an input at each time step. However, in the 200 t converter, a dynamic slag generation model [18] was coupled with the model for the estimation of bulk Mn concentration at each computational time step. Figure 5 demonstrates the algorithm of the mathematical model used for computing the change in manganese concentration in the bulk metal. Initially, the global input variables such as gas constant, molecular weight, lance profile, top and bottom flow rate, hot metal weight were entered into the central model. The scrap dissolution model, based on the previous model results by Dogan et al. [43] was assumed that 30 t of scrap in Cicutti's heat dissolute at a constant rate within the first seven minutes of the blow. The temperature profiles in the hot metal, slag and in the jet impact area were estimated based on predefined functions. The temperature at the slag-droplet interface was calculated by applying Eqs. [26] and [27] . The physical properties such as density and viscosity of slag were estimated as a function of their composition and temperature. The density of slag at each time step was calculated using partial volume method [44] and modified Urbain model [45] was applied to estimate the slag viscosity. Flux dissolution (lime and dolomite) rate was calculated as a function of temperature and physical properties of slag and metal. Previously developed flux dissolution model by Dogan et al. [46] was applied in the present study to determine the amount of dissolved flux in slag at each numerical time step. In the calculation of manganese refining rate in emulsion zone, the overall size spectrum of droplets has been divided into six classes, and the degree of manganese refining was calculated individually for each class by use of microkinetics submodel discussed in Section IV-C-1. An optimum numerical time step of 0.0001s, as already discussed in our previous study, [18] has been chosen to calculate the residence time of the metal droplets in each class of diameter. By use of the droplet-generation submodel, [20] the total weight of the Mn in the droplet ejects into the emulsion phase was estimated by using Eq. [29] . The total amount of manganese returning to the bulk metal after refining by the emulsion was determined by summing the weight of Mn in the entire population of returning droplets (Eq. [30] ). The total Mn refining rate through emulsion zone was estimated from the difference between the ejected mass of Mn and their return to the emulsion, as shown in Eq. [28] . Similarly, submodels to calculate the rate of Mn removal from slag-bulk metal and jet impact zone were developed by applying Eqs. [11] and [16] . Through Eq. [8] through [10] , the rate of Mn refined from all the zones were combined, and mass balance has been performed to estimate the change in concentration of manganese in the hot metal. All the numerical computation has been carried out by using MATLABÒ version 2016a. The model input parameters used in the calculation for the two different converters are listed in Appendix A.3. (Tables II, III) .
VII. RESULTS AND DISCUSSIONS
A. Analysis of Oxidation and Reduction Reaction of Mn in a BOF
A typical variation of Mn concentration in the hot metal during the blow period is shown in Figure 6 . [22, 24] The evolution of Mn in the molten bath can be broadly divided into three stages: (1) rapid oxidation of Mn from the hot metal at early stage of blow, (2) reversion of Mn from slag to metal during the middle stage of blowing, and (3) finally Mn oxidation toward the end blow period. As discussed in the earlier sections, manganese 2200-VOLUME 49B, OCTOBER 2018reaction primary takes place either by direct reaction with O 2 or with FeO in the slag. The competition between these reactions determines the overall rate and direction of Mn mass transfer.
The equilibrium Mn concentration at different interfaces has been calculated as a function of slag composition and temperature. The estimated value of [wt pct Mn] i at the gas-metal interface in jet impact zone was found in the order of 10 À5 , which implies that the reaction at the jet impact region has a strong positive driving force for Mn oxidation.
However, the value of the interfacial concentration of Mn calculated by considering Mn/MnO equilibrium at slag/metal interface was found to have values in the same order as the manganese concentration in the hot metal bath. Since the metal droplets are originated from the periphery of jet impact region, it is likely that the interface between the metal droplets and slag may experience higher temperature than the bulk metal. Similarly, as reported in previous studies, the bulk metal and slag interface can exhibit higher temperature than the bulk melt; a difference of 200°C to 400°C between the surface and bottom of the vessel has been reported by Rote and Flinn. [28] The effect of temperature on the equilibrium concentration of Mn at slag/metal interface has been illustrated in Figure 7 . It should be noted that the slag concentration is changing during the blow period according to the measured values in the Mn equilibrium calculation. When the temperature of the interface was maintained as the bulk metal temperature the equilibrium line was found to be always lower than the actual Mn in the metal. In spite of the change in oxygen potential (slag composition) and hot metal temperature in the calculation, the shape of the bulk Mn concentration was not explained by the predicted equilibrium concentration. However, as the interface was raised to 100°C above the bulk temperature, the value of [wt pct Mn] i was increased above the bulk Mn concentration and some reversion was found during the intermediate stage of blowing. Further, the oxidation of Mn during the early blow and reversion after 5 minutes of the blow was noticed when the temperature of the droplet/slag interface was raised to 200°C above the bulk metal temperature. The change in the direction of equilibrium driving force was undoubtedly noticed when the temperature of the interface increased. In the earlier publication, the authors estimated the variation of the temperature profile in different interfaces of the converter during the blowing period. [18] It was observed that the droplet surface exhibits 90°C to 200°C higher temperature than the hot metal. The droplet surface temperature was predicted to increase linearly in most part of the blow, expect toward the end blow a decreasing trend is observed due to a reduction in hot spot temperature. Therefore, it may be inferred that the high temperature prevailing at the reaction interface at the droplet-slag interface is one of the significant factors that control the oxidation and reduction behavior of manganese in the top blowing process.
Based on our understanding of manganese equilibrium for the reactions described in Eqs. [1] and [6] , the kinetics of manganese transfer can be qualitatively evaluated. Table I summarizes the reactions involving Mn and their direction during the different stages of the BOF operation.
B. Mn Refining in Different Reactive Zones in the Converter
The rate of manganese refined by the three distinct zones inside the BOF converter as a function of blowing time has been shown in Figure 8 . In the jet impact region, the transfer of manganese from metal to slag was found to be increasing in the initial part of the blow for 200 t converter data reported by Cicutti et al. [24] However, a decreasing trend has been observed for the 55 t converter operation during the initial stage. The difference in the Mn refining profile by jet impact zone during the starting period may be due to the difference in lance practice adopted in the different converters. As shown in Figure 9 , in Cicutti's heat data the lance position has started with high (2.5 m) and then lowered to the low position (2.2 m) after 4 minutes of blowing. However, in Holappa's data, the lance position was Fig. 6 -Typical manganese refining path in a top blowing converter. Region I: rapid manganese oxidation, Region II: manganese reversion from slag to metal, Region III: manganese oxidation (Data have been adapted from the paper by Cicutti et al. [24] ). started with low position (0.9 m) and then gradually raised to a high position after 6 minutes of the blow. Decreasing in lance height increases the cavity area and thus enhances the kinetics of Mn reaction at jet impact region, which was reflected in Cicutti's heat data. A similar trend of refining profile of Mn in jet impact area for the intermediate and final stage of converter operation has been observed for both the heats. The increase in Mn refining during the middle stage of the blow and finally decreasing toward the end blow period may be caused by the reduction in the jet impact temperature which exerts a substantial effect on the overall mass transfer coefficient (k m ) of Mn reaction kinetics. The manganese removal rate by the circulating metal droplets in the emulsion has been computed for both cases and shown in Figure 8 . As seen from the figure, during the initial part, up to 5 minutes after the start of blowing, the rate of manganese transfer was found to be positive, which indicates the oxidation of manganese has been favored during this period. The transfer of manganese from metal droplet to slag is possible due to the low value of [wt pct Mn] i as a result of low temperature, high FeO, and low basicity during this period. However, as the blow progresses, the droplet surface temperature raises, FeO in slag decreases due to rapid decarburization. Consequently, slag basicity increases and the conditions are favored for the reversion of MnO from slag to the metal droplets. A significant fraction of manganese has been observed to be transferred from slag to metal by the emulsion phase during the middle stage of the blow. The peak reversion has been found to take place during 50 to 60 pct of blowing time. At the end stage of the blow, due to a small value of residence time of metal droplets in the emulsion, the rate of manganese transfer by the droplets approaches to zero. Further, it has been observed that the rate of manganese transfer in the slag-bulk metal zone is almost negligible as compared to jet impact and emulsion zone refining during the entire blow period. The reason may be due to the availability of a small area for the reaction that limits the kinetics of Mn refining in this zone. As shown in Figure 9 , in the heat data provided by Holappa et al. for the 55 t LD-converter, the total iron oxide in the slag was observed to decrease (end blow Fe t O~12 wt pct) during the last stage of the blow. Since the oxygen flow rate was held constat, the decreasing of slag iron oxide may be resulted from the lowering in lance position (1.25 to 1.1 m) during 14 to 18 minutes of blowing. However, in Cicutti's heat no variation in oxygen flow rate and lance height was made during the last stage of the blowing and an increasing iron oxide trend was reported (end blow Fe t O~22 wt pct, see Figure 9 ). The variation in the iron oxide evolution in two different converters may be the reason for the difference in Mn refining prediction during the last 2 minutes of the blowing shown in Figure 8 . Due to low iron oxide in slag, the Mn refining prediction in Holappa's heat shows a reversion during the final stage of the blowing.
The total amount of manganese removed by each reaction zone during different stages of the blow has been computed by using the mathematical model and is illustrated in Figure 10 . Based on the observed Mn profile, the entire blowing period has been divided into three stages: Stage I (0 to 30 pct of blow), Stage II (30 to 80 pct of blow), and stage III (80 to 100 pct of blow). The total Mn refining by each reaction zone has been obtained from the Figure 8 by computing the area under the curve in the three different regimes of blowing. The result shows that there is always a positive thermodynamic force for manganese oxidation during the initial stage of the blow. The enhanced manganese refining observed at the beginning of the blow is caused by oxidation of droplets in the emulsion in addition to the oxidation in jet impact region. The competition between the oxidation and reduction particularly in the jet impact zone and emulsion determines the direction of manganese transfer in the second and end stages of the blow. In the middle stage of the blow, it has been observed that the reduction of MnO by the metal droplets dominates, which was found to be the main reason for a manganese reversion from slag to metal.
C. Analysis of Mn Reaction Kinetics in Emulsion
The kinetics of manganese transfer between metal droplets and the slag is dependent on the interfacial concentration, the size of initial droplets and their bloating behavior as a result of decarburization reaction. Figure 11 shows the concentration of Mn in the refined droplets of different sizes as a function of blowing time. As can be seen from the figure, the manganese concentration of the droplets at the time of return to the bulk melt nearly follows the refining path of Mn in the bulk metal for both the converters under investigation. Further, it was observed that the rate of oxidation or reduction of smaller sized droplets is higher as compared to the larger ones. The reason for this may be due to longer residence time and high surface area/ volume ratio associated with smaller sized droplets. [21] As a result of which the reactions in small-sized droplets approaches the equilibrium concentration quickly. However, the big droplets having small residence time and surface area to volume ratio do not complete equilibrium and consequently contribute less toward the conversion process. [21] The fast rate of decarburization associated with the droplets of diameter of the rangẽ 0.5 mm (predicted decarburization efficiency is more than 70 pct during the entire blowing period) [21] accelerates the bloating process and thus results in increasing the reaction time between the droplet and slag to achieve the final equilibrium Mn concentration.
The present result agrees well with the observation made by Millman et al. [47] in a 6 t pilot scale converter experiments. The authors reported that during the middle blow period (after 10 minutes) the Mn pick up from the slag to droplet takes place for specific size Fig. 9 -Blowing profile and measured slag FeO in both converters: (a) Lance height and oxygen flow rate (b) measured slag FeO (Data has been adapted from Cicutti et al. [24] (200 t converter) and Holappa et al. [42] (55 t converter)). range (1 to 3 mm) in the emulsion layer. The present model calculation predicts that the Mn pick up by the droplets in the lower region of the size spectrum makes a greater contribution to the reversion process. Holappa et al. [42] measured the manganese concentration in the emulsion during the blowing time which has been shown in Figure 11 (b). It can be seen that during the initial stage of the blow the predicted value of droplet manganese concentration agrees reasonably well with the measured concentration in the emulsion, whereas a difference between the predicted and the measured value has been observed at an intermediate stage of blowing. The cause of this deviation could not be explained by this study since a significant reversion of bulk Mn concentration has been observed during middle and end stage of blowing, although the emulsion Mn concentration shows a lower value than the bulk. It is noteworthy that the reported manganese concentration in the emulsion represents the average concentration of the droplets in the emulsion at a particular instance of blowing time, whereas the predicted Mn by the model is the concentration of refining droplets (at the time of re-entry to the bath). This could be one of the reasons for the difference between the model prediction and actual measurement.
D. Model Validation with the Measured Hot Metal Composition
The rates of manganese refined from three different zones are combined, and mass balance has been applied in the hot metal to compute the bath Mn concentration (in wt pct) at each time of blowing. The model prediction of change in concentration of Mn in the bulk metal as a function of blowing time is shown in Figure 12 . The model calculation of Mn has been compared to the actual Mn value measured in the hot metal for two different converters. As can be seen from the Figure 12 (a), in Cicutti's heat data, the predicted Mn matches well with the actual Mn particularly during the early part of the blow. However, a small deviation has been observed toward the end of the blow. It may be due to the inaccurate calculation of manganese equilibrium at slag-metal droplet interface. Further experimental studies are needed to establish the manganese distribution between the slag and metal droplet in the emulsion. This model has also been applied to a different converter of 55 t capacity. As shown in Figure 12 (b), good agreement between the measured and predicted values was observed. It should be noteworthy to mention that in contrast to the difference between the emulsion sample measurement and the refined droplets (in Figure 11(b) ), Jalkanen and Holappa heat data [48] of Mn refining of bulk metal profile shows a great consistency with the predicted values. Several authors indicated that the way the samples (in a blow, after blow stopping, height, and time of sampling) are collected from the emulsion can have a significant influence on droplet characteristics. [49, 50] However, the sampling procedure was not mentioned in Jalkanen and Holappa's study, and thus a substantial reversion observed in the bulk metal due to the Mn transfer from the droplet to slag, as predicted by the model, was not conclusively verified. This needs a further experimental study to investigate the reversion mechanism of Mn to establish the current hypothesis.
VIII. CONCLUSIONS
A kinetic model for Mn reaction in BOF has been developed. The computational model can predict the change in manganese concentration in the bulk metal during the blow period by estimating the rate of Mn refining from different zones of the converter. The following conclusions are drawn from this study:
1. The temperature at the slag-metal droplet interface plays a major role in deciding the oxidation and reduction behaviors of Mn reaction. Higher interface temperatures lead to decrease in thermodynamic driving force for the mass transfer from metal droplets to slag. blowing, a significant fraction of Mn reversion was observed to take place in the emulsion zone. Due to a large increase in temperature of the droplet-slag interface, the reaction (Eq. [1] ) proceeds in the reverse direction which was found to be the primary reason for manganese reversion. 5. During the last stage of the blow, the refining of Mn is a result of simultaneous reaction at jet impact and emulsion zones. The reaction (Eq. [1] ) direction at slag-metal droplet interface controls the conversion process in this period. 6. The rate of Mn oxidation in the emulsion is predicted to be a strong function of droplet diameter and the residence time. Small sized droplets have high conversion capacity than the large diameter ones.
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APPENDIX
A1. Suito's No. 2 Model
The following correlation was proposed by Suito et al. (Suito' s No 2 model) to estimate the equilibrium distribution of Mn between metal and slag phase. [4] (pct MnO = 0.6 to 5 mass pct)
A2. Calculation of Total Stirring Energy
The following equations have been applied to estimate the stirring power due to the combined effect of both top and bottom blowing [40] :
where t and b are the specific mixing powers (W/t) due to top and bottom gas injections, respectively. a is the angle of the lance with the vertical axis (rad), Q O2 is the oxygen flow rate (Nm 3 /min), nn is the number of nozzles in the lance tip, d t is the throat diameter (m), L h is the lance height from the bath level (m), Q b is the bottom blowing rate (Nm 3 /min), P a is the atmospheric pressure (atm), and T b is the temperature of the injected bottom gas.
A.3. Input Data Used for Model Validations
See Tables II and III . [24] (b) Jalkanen and Holappa data [48] NOMENCLATURE Slag Density partial molar volume method [44] Surface Tension of Steel 1.7 N/m Viscosity of Slag modified urbain model [45] Diffusion Coefficient in Metal Phase at 1873 K (1600°C) C-2.0 9 10 À9 , Si-3.8 9 10
À9
, Mn-7 9 10
, P-4. Slag density Partial molar volume method [44] Surface tension of steel 1.7 N/m Viscosity of slag Modified Urbain model [45] Diffusion coefficients C-2.0 9 10
, Si-3.8 9 10 À9 , Mn-7 9 10
, P-4. 
